In a two-compartment scintillation vial, suspensions of bacteria were cultured with 1 Ci of [U-14C]glucose and the released 14C02 was hieasured continuously, cumulatively, and automatically in a liquid-scintillation counter modified to maintain sample temperature at 37 #{176}C. We could follow the metabolism of bacterial populations through their early phase of exponential growth with good precision. The data were obtained conveniently, with use of conventional reagents, glassware, and counting equipment. From analysis of the exponential portion of the curves for cumulative activity vs. time, we could measure cell replication rate precisely in units of time. The resulting values were demonstrably independent of some common experimental variables, including the number of bacteria in the inoculum and counting system sensitivity. Sensitivity of the bacteria to antibiotics was measured to within a few percent by noting the relative prolongation of replication time in the presence of those inhibitors. The digital data from the scintillation counter are susceptible to on-or off-line computer analysis, thus providing th prospect for a totally-automated analytical system. The method shows promise for the mechanized quantitative analysis of bacterial growth, and its inhibition.
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In a previous publication (1) one of us described a simple and economical device for the continuous, cumulative measurement of the bacterial metabolism of 14C-labeled glucose in a liquid-scintillation counter. Subsequent adaptations of the device and counting equipment have improved the system, the high sensitivity which makes it possible to obtain reproducible measurements of metabolism during the early phase of bacterial growth while that growth is still (logarithmically) linear with respect to time. From these measurements, which are obtained conveniently and automatically, it is possible to define bacterial growth and its inhibition precisely, quantitatively, and in units of time. Moreover, the method is inherently independent of a number of sources of error and nonlinearity that are troublesome in the usual, arbitrarily defined, end-point type of assays routinelyused in microbiology. It appears to have significant advantages over the other available radiometric and optical methods for the automatic measurement of bacterial growth.
Materials and Methods
The Incubation Vial
The components and performance of this portion of the system are described in detail in the publication mentioned in the introduction (1) Hts., Ill. 60005) in five milliliters of dextrose-free trypticase soy broth (Baltimore Biological Lab., Baltimore, Md.). The metabolism vial is of a size to fit within a wide-mouthed, plastic scintillation vial (Rochester Scientific, No. 7494), where it is surrounded by a hollow cylinder of specially-treated Whatman No. 1 filter paper, 36 mm wide. The paper has been previously dipped into a concentrated toluene solution of fluors ("Liquifluor Concentrate"; New England Nuclear, Boston, Mass. 02118), dried, placed within the scintillation vial and then moistened with 100 tl of NaOH solution (2 mol/liter), distributed as evenly as possible (the distribution is never very even; it doesn't seem to be critical) around the circumference of the paper cylinder. The assembled device is then firmly capped and the radioactivity is counted at intervals in a liquid scintillation counter. As long as the labeled glucose remains in solution in the broth within the inner vial, the beta particles released therein cannot reach the specially-treated scintillating paper cylinder, so that no counts are detected. When glycolytic metabolism produces '4C02, that gas diffuses out of the inner vial and is absorbed on the treated paper, where it produces scintillations detectable by the counting system. Once inoculated, the vial need not, indeed should not, be opened or otherwise penetrated for sampling. The method of sampling is cumulative and continuous, so
Measurement of Growth Inhibition that the observed counting rate either increases or remains constant according to the rate at which metabolic glycolysis is or is not proceedingwithin the inner metabolism vial. Measured sensitivity was 155 000 counts per minute (cpm) per microcurie of liberated '4C02 in the counting system described in the next section.
For these experiments we used only one concentration of inoculum, 10 bacteria per vial. The experiments were run concurrently with the measurement of uninhibited growth, as described in the previous section, and the replication times obtained there for the vials contaming 10 organisms were used as control values
The Counting System A Mark II liquid scintillation counter with 300-sample capacity (Searle Analytic Inc., Des Plaines, ill, against which to measure relative inhibition.
In addition to the controls, four sets of vials were prepared in triplicate as before, except that each of the sets contained one of four antibiotics at a final concen-60018) was used in these experiments.
It was modified by adding a thermostatically-controlled heater-blower tration equal to a high but attainable therapeutic concentration in the blood. Table 2 lists the antibiotics in the sample chamber to maintain sample temperature at 37 #{176}C. Critical electronic components outside the sample chamber (main linear amplifier, pulse-height analyzers, time-scaler, etc.) were not heated. Owing to the limited light output of the scintillating paper, gain and window width settings ordinarily appropriate for tritium were found to give higher counting efficiencies than the settings usually used for carbon-14, although used, and their concentrations.
Inhibition was measured by noting the relative prolongation of replication time in the presence of antibiotics during the interval when the controls were experiencing exponential growth.. By this method, samples that grew as fast as the controls would be reported as "0% inhibited" and those that did not grow at all as "100% inhibited." the difference was small.
Analysis of the Data The sampling interval was established at 1 h by the simple expedient of always loading the sample chain with 48 vials and counting each vial automatically for 1 mm. With this particular counter, the result was an end-for-end turnaround time of 1 h (to the nearest minute). We initially inoculated individual vials in a series at intervals corresponding to the sample-tosample cycle time of the counting system, using the sound of the automatic teletypewriter as an audible cue. We did the inoculations in subdued light, to avoid photoactivation of the alkaline fluor of the paper. Data were collected both in printed form and on punchedpaper tape.
The data were inspected to determine the time interval during which log-linear exponential growth had occurred. In general, exponential growth began when the observed activity reached a few hundred counts per minute and persisted for several more hours, during which time the activity increased to about 20 000 cpm. Because exponential growth remains linear for only a short time, a high order of sensitivity is required in order to get on scale early enough to obtain the minimum of three successive hourly points required to be assured of the existence of log-linearity. From two observations of indicated activity at the beginning and end of the log phase, the exponential growth constant (to the base 10 Measurement of Uninhibited Bacterial Growth was found by substitution into equation 1:
Clinical isolates of several species of bacteria, oblog A2 -log A1 = K (t2 -t1) (1) tamed from the Division of Infectious Diseases of this hospital, were incubated overnight in trypticase-.soy broth. On the day of the test the suspension was diluted by standard bacteriological methods to concentrations of 10, 10, and 10 organisms per milliliter. (In the first experiment with E. coli a dilution of 102 organisms was prepared as well, but this dilution was not used in subwhere A2 = cumulative activity at time 2, in cpm, A2 = cumulative activity at time 1, in cpm, t2 -t1 = time interval between A2 and A1, in mm, and K = exponential growth constant, in min1.
From the value of Kso obtained, the replication time, t2,, was derived from the expression: sequent experiments.)
One milliliter from each dilution was inoculated into the metabolism chamber within the (2) scintillation vial. The inner chambers had been previously charged with glucose-free trypticase-soy broth and labeled glucose, as described above. The vials were then tightly capped and counted for 1 mm each at hourly intervals. Each concentration of inoculate was run in triplicate. Automatic hourly counting continued Percent inhibition was measured by noting the relative prolongation of replication time in the presence of antibiotics during the interval when the controls were The results of the first experiment with four concentrations of inoculum of E. coli are presented in Figure 1 in semi-logarithmic form. The standard deviation about the mean at each point is shown by the vertical bars.
We noted that within any given set of triplicates, the individual slopes on the exponential portion of the curves showed less variation than the individual counting rates at any particular time. This is because the counting rates are subject to a number of sources of error (such as vial-to-vial variations in counting efficiencyand imprecisepipetting of substrate or bacteria)
#{149} that do not effect the slope of the line. By basing the assay on the slope of the line rather than on the values at any specific point, we effectively removed most of theseerrorsfrom the results.
We also noted that the curves were remarkably parallel, even in the face of a 1000-fold variation in number of bacteria in the inoculum. For all of the samples includedin Figure 1 , the coefficient of variation (relative standard deviation) about the mean slope-and hence, about the mean value for K-is only ±5% including all sources of experimental error.This observation suggests that the measured replication time should be practically independent of the size of the inoculum.
Applying the mathematical analysis previously described to these data, one finds that the measured replication time is 22.1 ± 1.1 mm (mean ± SD). This is in good agreement with the literature value of 22 mm for E. coli. In a similar experiment with S. aureus, the results obtained are shown in Figure 2 , also in semi-log form.
There was a rather long lag phase of from 5 to 8 h, perhaps because no special precautions were taken to place the organisms in log phase before inoculation. Once in log phase, however, the measured replication times were again precise at the three concentrations of inoculuin tested, namely, 35.9 ± 1.4 mm (mean ± SD). the size of the inoculum the precision of the estimate of replication time is, as can be seen, somewhat improved.
Sensitivity to Antibiotics
The results of the first sensitivity experiment with E. coli are shown in Figure 3 . Growth in the samples containing antibiotics was compared with that obtained in controls (dotted line) during the period when the controls experienced exponential growth, from 2 to 4 h in this case.
Analysis of these curves indicated that this organism was all but unaffected by clindamycin (inhibition: 2 ± 1%), mildly inhibited by penicillin (66 ± 1%), and strongly inhibited by cephalothin (84 ± 3%) and gentamicin (93 ± 1%). These results were compared blindly with the Kirby-Bauer sensitivity test, which reported that this organism was "sensitive" to cephalothin and gentamicin, "equivocal" to penicillin, and "resistant" to clindamycin. The results of the other sensitivity tests completed to date are summarized in Table 2 , together with the corresponding Kirby-Bauer reports. The measurements of percent inhibition are quite precise, ±1% in four of the 16 determinations, ±5% or less in most cases, and ±10% in the single worst case. The results are in good general agreement with the standard method, but because of the empirical nature of the zone-diffusion technique it is not possible to deduce from first principles just what degree of measured growth inhibition corresponds to "inhibition" or "sensitivity" as determined by that method. At the moment, if we were to assert that "resistance" is anything less than, say, 20% measured inhibition, "sensitivity" is an inhibition of 80% or more, and "equivocal" is everything in between, then the correlation with Kirby-Bauer would be perfect.
DIscussion
Many systems have been proposed for measurement of bacterial growth. Several automatic or semi-automatic systems based on the detection of light scattering (2, 3) and one in which the evolution of 14C02 is measured (4) have become commercially available. The optical systems both require large inocula, 106 or more for each test, are sensitive to the size of the inoculum, cannot be used with initially turbid specimens (e.g., blood), and their results are reported in arbitrary units such as "Light Scattering Index" or "Differential Light Scattering." The radiometric method (4) is not subject to interference from turbid specimens but is nonconservative in its sampling method, at least 40-fold less sensitive than the method reported here, and its results are also reported in arbitrary units called "Growth Index."
The sensitivity advantage of the system described here is sufficient to permit direct assay of the growth rate of inoculates containing relatively few bacteria, such as might be expected in clinical specimens, most often within one working day. A more important advantage of the additional sensitivity is that it permits precise measurements during the early phase of exponential growth, while that growth is still logarithmically linear with respect to time. The data are obtained conveniently and automatically with conventional reagents and glassware and only slightly modified counting equipment.
With the exponential method of data analysis described here, it has been possible to measure the growth of replicating populations of bacteria in units of time. Measured replication time seems to be characteristic of the bacteria and independent of a number of experimental variables, including the size of the inoculum and the sensitivity of the counting system. The between-sample precision of the estimate of replication time by this method is such that it is possible to distinguish fine shades of response to growth inhibitors, generally to within a few percent in the experiments to date with antibiotics.
With the biphasic, aqueous sample/organic fluor system we used, beta particles released from the 14C02 trapped in the aqueous alkali interact with the adjacent scintillator on the paper by direct incidence so that there is no opportunity for the solute quenching that is often troublesome in ordinary liquid-scintillation counting (5) . For this reason and also because the slopes of the curves on which the assay is based are independent of counting efficiency, quench correction is superfluous.
The 100 il of alkali solution suggested in this paper is far from sufficient to evenly wet the filter paper cylinder. Even so, the use of larger volumes is discouraged, because it results in lower overall counting efficiencies, perhaps due to self-absorption of the beta particles in a too-thick aqueous layer. The 2 mol/liter sodium hydroxide is sufficiently alkaline to effectively absorb CO2 out of the inner incubation vial. '4C02 collection and detection thus does not depend on the pH of the incubation broth so long as it remains, as it must, within the physiological range.
The tryticase-soy broth used in these experiments will not support the growth of all classes of bacteria; thus the medium will require modification if the method is to be applied to anaerobes, for example. When one is attempting to culture anaerobes in this system, the use of an anaerobic atmosphere that contains CO2 is precluded and a C02-free atmosphere will have to be used in order to avoid neutralizing the alkali on the paper. In addition, not all bacteria metabolize glucose to C02, and in such cases, different carbon-14 labeled substrates (e.g., other sugars, amino acids) will be required.
The filter paper cylinder may be treated with the fluor solution well in advance of need. We recommend that the alkali solution net be applied until a day or two before use because, once it is added, the vials must be kept tightly capped to avoid neutralization of the NaOH by atmospheric CO2. If the vial, the cap or the vial/cap seal are even slightly gas-permeable, it will not take very many days to neutralize the alkali on the paper.
Once the alkali has been added, the fluor becomes sensitive to photoactivation.
For this reason, it is our practice to leave the prepared vials in the dark, closed counting chamber overnight to permit the induced pseudo-activity to decay to background values. On the day of the test the counting chamber is not opened for inoculation of the vials until the room lights have been extinguished and outside illumination subdued. Most scintillation counters are not as sensitive to the very weak scintillations characteristic of photoactivation as the one we used in these experiments, so that these precautions may prove unnecessary for most other users. In our experience with four different liquidscintillation counters, three of them did not exhibit any sensitivity to photoactivation even when the vials were exposed to bright illumination immediately before counting.
Radioautolytic decomposition of the labeled glucose in solution slowly produces labeled CO2. Because the sampling method is cumulative and continuous, this will result in a slow increase in blank background, amounting to about 30 cpm per day in a typical medium. For this reason, one should not add the labeled substrate until the day of the test. Once it has been added to the inner vial, the assembled unit must thereafter be kept upright to avoid spilling the jadioactive solution onto the surrounding filter paper detector. Colored materials in the lightpath will interfere with light sensing by the detector. While this will not invalidate the method so long as the color remains constant, it will lessen the overall efficiency of detection (see reference 1). Use of highly colored growth broths should therefore be avoided, and the vials should be identified only by marking their caps, not their sides.
The relatively simple mathematical derivation of replication time, involving only a logarithmic transform of the raw data, is applicable to other detection systems as well. Any automatic detection system, whether optical, radiometric, or whatever, that has an output proportional to the numbers of bacteria in the sample together with sufficient sensitivity to track the cell population through the exponential growth phase could, by the same or a similar method of data analysis, report the same results in identical units of time. The obvious utility of common, inter-laboratory units characteristic of the bacteria rather than of the analytical system need not be emphasized.
Finally, the digital output of this scintillation system is susceptable to on-or off-line computer analysis, thus providing the immediate prospect for totally automated reporting of the final results. With the development of suitable software, such a system could provide automatic, up-to-the-minute reports on sample status to the clinician-client at any convenient peripheral terminal, either during or after ordinary working hours. While other extant methods may, as suggested, be amenable to similar data reduction, the one described here is particularly suited to large-scale automation and digital processing with ordinary, general-purpose equipment. This scintillation method shows promise for the mechanized quantitative analysis and reporting of bacterial growth, and its inhibition. It has been shown that the number of cells in a population that is replicating at a constant rate may be describedby the followingequation; If the cell population is producing CO2. then the CO2 production will be proportional to the number of cells present at the time;
Qco2(t) cr Noet
When the CO2 is radioactive and when it is being continuously evolved, cumulatively collected and counted with some overall efficiency, e, the counting rate, A, will increase with time at the rate; dA/dt = eNoeI'Ct
The cumulative counting rate at any time, t, is the integral of the above expression, viz.;
By definition, the integral of dA/dt from t = 0 to t = t is the cumulative counting rate at time t, Then; e(t = eN0 ()
After a period of time sufficient for several replications, becomes much larger than 1, so that the expression reduces to; At = (when et >> 1) In common logarithms where K is an exponent of 10 rather than of e, the equivalent expression is;
The characteristic replication time of the organisms, t2, may be found by using the value of K so obtained to solve for the time at which At2 = 2A1, viz.; One could of course choose to work with logarithms to other bases, the base "e" say or, most logically for replicating populations, the base "2." We have chosen to work in common logarithms chiefly because of the ready availability of semi-log graph paper with a y-axis in those units. We can thus present results in a graphical form that is directly comparable to equations 1A and 2A, as in the figures in the text.
